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ABSTRACT
We present a morphological study of the 17 lensed Lyman-α emitter (LAE) galaxies of the Baryon Oscillation
Spectroscopic Survey Emission-Line Lens Survey (BELLS) for the GALaxy-Lyα EmitteR sYstems (BELLS GALLERY)
sample. This analysis combines the magnification effect of strong galaxy-galaxy lensing with the high resolution of the
Hubble Space Telescope (HST) to achieve a physical resolution of ∼80 pc for this 2 < z < 3 LAE sample, allowing
a detailed characterization of the LAE rest-frame ultraviolet continuum surface brightness profiles and substructure.
We use lens-model reconstructions of the LAEs to identify and model individual clumps, which we subsequently use
to constrain the parameters of a generative statistical model of the LAE population. Since the BELLS GALLERY
sample is selected primarily on the basis of Lyman-α emission, the LAEs that we study here are likely to be directly
comparable to those selected in wide-field narrow-band LAE surveys, in contrast with the lensed LAEs identified in
cluster lensing fields. We find an LAE clumpiness fraction of approximately 88%, significantly higher than found
in previous (non-lensing) studies. We find a well-resolved characteristic clump half-light radii of ∼350 pc, a scale
comparable to the largest H II regions seen in the local universe. This statistical characterization of LAE surface-
brightness profiles will be incorporated into future lensing analyses using the BELLS GALLERY sample to constrain
the incidence of dark-matter substructure in the foreground lensing galaxies.
Keywords: galaxies: high-redshift — galaxies: structure — gravitational lensing: strong — techniques:
high angular resolution
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1. INTRODUCTION
Strong gravitational lensing provides a unique obser-
vational tool, both for quantifying the distribution of
matter in the lensing objects, and for delivering a mag-
nified view of small and faint sources in the distant uni-
verse. Here we examine the BELLS GALLERY sam-
ple of 17 confirmed strong galaxy-galaxy lenses selected
spectroscopically from the Baryon Oscillation Spectro-
scopic Survey (BOSS) of the third Sloan Digital Sky
Survey (SDSS-III) and confirmed with high-resolution
imaging by the Hubble Space Telescope (HST). The
lensing galaxies in the sample are massive red galaxies at
redshifts of zlens ∼ 0.5, and the sources are Lyman-alpha
emitting galaxies (LAEs) at redshifts 2 < zLAE < 3.
By virtue of their spectroscopic emission-line detec-
tion, the lensed LAEs of the BELLS GALLERY sample
are comparable to the types of LAEs selected through
wide-field narrow-band surveys, but they can be stud-
ied in greater detail thanks to the magnifying power of
strong lensing. The primary scientific motivation for the
BELLS GALLERY observing program is to use the in-
trinsically clumpy rest-frame ultraviolet emission in the
lensed LAEs as a probe of dark-matter substructure in
the lens galaxies. Further discussion of this dark-matter
substructure analysis project is provided in Shu et al.
(2016a,b).
This paper presents an analysis of the lensed LAEs
of the BELLS GALLERY sample to characterize the
clumpiness of their rest-frame UV emission. This infor-
mation is central to the dark-matter substructure anal-
ysis of the sample, so that the surface-brightness per-
turbations caused by the lensing effects of dark-matter
substructure can be detected and characterized statisti-
cally. Simultaneously, this paper also provides an un-
matched high-resolution characterization of the high-
redshift LAE population.
LAE galaxies are defined by a high equivalent width
(EW > 20 A˚) Lyα line and are believed to be com-
posed of extremely large regions of active star formation.
Many efforts have been made to detect and character-
ize LAE galaxies (Elmegreen et al. 2009a,b; Bournaud
et al. 2007; Conselice et al. 2003; Conselice 2004; Ravin-
dranath et al. 2006; Mandelker et al. 2014; Moody et al.
2014; Tacconi et al. 2010; Gronwall et al. 2011; Guo et al.
2015). In general, these galaxies appear as clusters of
bright clumps, sometimes with a background of contin-
uum emission. Evidence suggests that these clumps are
larger and brighter than most star forming regions in
nearby low redshift galaxies (Elmegreen et al. 2009a).
Efforts have been made in quantifying mass, star forma-
tion rates, gas composition and kinematics, and other
LAE properties (Nilsson et al. 2009; Tacconi et al. 2010;
Swinbank et al. 2010; Livermore et al. 2015; Hashimoto
et al. 2017). These have revealed a wealth of informa-
tion about the early universe, but are ultimately limited
by LAE surface brightnesses. Most studies rely upon
stacks of galaxies and can draw only limited inferences
about individual LAEs. The same is true of morpholog-
ical studies because clump sizes are near the resolution
limit of instrumental PSFs (point spread functions) and
often cannot be distinguished from point sources (Guo
et al. 2015). As a result, direct imaging studies cannot
decisively determine whether the clumps are different in
nature from star forming regions in our local universe
or if the larger apparent size is merely an artifact of
insufficient resolution (Tamburello et al. 2016).
Fortunately the magnification due to gravitational
lensing improves spatial resolution and allows us to ex-
amine scales smaller than the instrumental PSF. Sev-
eral studies have used strong gravitational lensing to
characterize LAE galaxies and their star-forming re-
gions (Jones et al. 2010; Swinbank et al. 2010, 2012;
Barro et al. 2014; Livermore et al. 2015; Johnson et al.
2017). These have typical resolutions of ∼100 pc but
reach scales as small as 30 pc, suggesting that clumps
are smaller than found in direct imaging studies. Here
we add to these studies with the single largest sample
of lensed galaxies and focus upon a detailed analysis
of clump morphology. Because the BELLS GALLERY
LAEs are lensed by elliptical galaxies, they will also be
subject to fewer systematic modeling biases than the
cluster lenses in the surveys above.
The paper is laid out as follows. In section 2 we sum-
marize the sample and our source reconstruction ap-
proach. Section 3.1 describes the method used to fit
surface brightness profiles to individual clumps within
the individual galaxies. In section 3.2, we examine the
distributions of the clump parameters, including rela-
tive shapes, sizes, surface brightness, and distance from
centroid. We then find a set of analytic probability dis-
tribution functions (PDF) to describe these parameters.
In section 4 we show the results, and finally in section 5
we discuss how our results compare with previous stud-
ies and discuss how studies can build upon this work.
2. DATA
Candidate lensed LAE galaxies were selected from the
SDSS-III/BOSS spectroscopic data set (Dawson et al.
2013). BOSS is a cosmological redshift survey designed
primarily to constrain the properties of dark energy us-
ing the baryon acoustic oscillation (BAO) feature im-
printed in the large-scale structure traced by galaxies.
By virtue of the large number of spectra (∼ 106) ob-
tained by BOSS, rare objects such as the lenses of the
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Figure 1. Data (left), model (center), and residuals (right) for all 17 LAE galaxies. Data is the reconstructed source-plane
image derived from pixelized lens modeling. Lengths scales in the galaxy rest frame are shown. Intensity scales vary between
galaxies. The numbers of identified clumps are indicated for each galaxy and clump locations are marked with white circles.
The model residuals are correlated due to our image reconstruction method.
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Figure 1. Continued.
BELLS GALLERY sample can also be found in signif-
icant numbers. The lens systems that we analyze here
were identified through the presence of prominent emis-
sion lines that were not consistent with emission from
the target galaxy or other low-redshift interloper ob-
jects, as detailed in Shu et al. (2016a).
Follow-up imaging of the best candidates was con-
ducted with the Wide Field Camera 3 (WFC3) aboard
HST under Cycle 23 GO Program 14189. In total, 21
targets were observed for one orbit each through the
F606W filter (∼1500 A˚–1900 A˚for the source galaxies).
Image inspection and analysis (Shu et al. 2016b) shows
that 17 of the candidates are grade A (definite) gravita-
tional lenses.
We use reconstructed source images found by Shu
et al. (2016b). Shu et al. (2016b) used a pixelized
lens modeling procedure to constrain the parameters
of a smooth lens mass model and to reconstruct high-
resolution images of the source LAEs. The models used
a variation on the “semi-linear” framework of Warren &
Dye (2003) (see also Koopmans et al. 2006; Vegetti &
Koopmans 2009; Nightingale & Dye 2015), which does
a linear inversion for the pixelized source-plane image
along with a non-linear optimization of the lens mass
model parameters. To prevent the model from over-
fitting noise, we included a regularization parameter.
This regularization parameter was tuned until the χ2
of the pixelized model is similar to that of the χ2 found
by modeling the source as several Se`rsic clumps. The ef-
fect of varying the regularization parameter is discussed
in section 4.
Because lens modeling accounts for the PSF of HST,
the reconstructed LAE images are effectively decon-
volved, and are taken directly as input data for the
analysis in this paper. These images can be seen in
the left panel of each group in Figure 1. The effective
angular resolution is on the order of 0.01 arcsec, corre-
sponding to a typical spatial resolution of ∼80 pc. This
is an order of magnitude better than direct observations
with HST, and is comparable to the ∼100 pc resolution
found in most other gravitational lensing studies. Simi-
lar resolutions may be achieved with the next generation
Extremely Large Telescopes.
3. MODELING
Our overall goal is to use the data to constrain the
parameters of a generative statistical model of the rest-
frame UV continuum surface-brightness characteristics
of the 2 < z < 3 LAE population. In particular, we
want to:
1. Characterize the physical sizes, arrangements, and
multiplicities of the clumps that make up the rest-
frame ultraviolet emission of 2 < z < 3 LAEs.
2. Simulate realistic high-resolution optical images of
2 < z < 3 LAEs.
3. Determine probability density functions (PDFs)
for multiple clump LAE surface-brightness models
that can be applied within a hierarchical Bayesian
analysis of evidence for dark-matter substructure
in the BELLS GALLERY sample.
We proceed in two main stages: first, to detect and
parametrically model the individual clumps in each re-
constructed image (§3.1); and second, to model the sta-
tistical distribution of these clump parameters across the
sample (§3.2).
3.1. Source Fitting
We model each LAE source galaxy in our sample as
a collection of clumps. This procedure involves individ-
ual clump detection, adoption of a parametric profile
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for modeling individual clumps, and simultaneous opti-
mization of the model parameters for all clumps in each
LAE.
Our initial clump detection is done manually through
visual inspection. We also investigated an automated
clump finder like that described in Guo et al. (2015), but
found that this approach had difficulty resolving over-
lapping clumps that were more easily distinguished by
visual inspection. Spatial noise correlations also gave
rise to false clumps which were better rejected visually.
The steps that we use for clump detection and mod-
eling are as follows:
1. Set a heuristic brightness detection threshold in
each LAE image at 10% of the maximum image
pixel brightness. This threshold is used to reject
spurious clump identifications associated with cor-
related noise peaks, especially in the outlying re-
gions of the image.
2. Inspect a 3D surface contour map in combination
with a 2D color image of each LAE to select pixels
that represent clump centers. Individual clumps
must be separated by at least two pixels.
3. Using our adopted clump surface-brightness pro-
file (see below), set initial guesses for clump model
parameters. For the radius parameter, we set rc to
be the clump full width at half max (FWHM) di-
vided by 2. For the central surface-brightness pa-
rameter (ic), we take the count value in the central
pixel. We estimate the axis ratio (qc) and position
angle (PA) parameters by eye. Each parameter is
allowed to vary independently between clumps.
4. Manually tune the guesses to decrease the model
residuals, using a reduced chi-squared (χ2r) as the
metric. Pixel errors are derived from the lens-
model reconstruction and depend both upon Pois-
son noise in the HST images and lens model pa-
rameters (see Shu et al. (2016b) for more details).
Note that this χ2r is not strictly correct due to cor-
related noise from the lens-modeling reconstruc-
tion, but it is a good indicator of relative fit qual-
ity.
5. When manual adjustments have no significant
impact, use the lmfit non-linear fitting routine
(Newville et al. 2014) for a final optimization of
parameters. To prevent runaway parameters, we
constrain the clump centroid parameters xc, yc
to be within ±0.5 pixels and constrain the clump
radius and central surface-brightness parameters
to be at most a factor of 3 from their original esti-
mates. The position angles are not bounded, and
the axis ratios are initially allowed to vary between
0.01 < qc < 100. For a best-fit qc > 1 we apply
the transformation q′c = 1/qc and PA
′ = PA + pi2
so the final qc ranges between 0.01 and 1. In some
cases, unphysically flattened axis ratio fits are ob-
tained. In these cases, we re-fit the data with the
same initial guesses, but convert rc and qc into
major and minor axis lengths (ac and bc) that
are allowed to increase or decrease by a factor of
3. This procedure eliminates the unphysical axis
ratios.
6. Repeat the fitting procedure of step 5, updat-
ing starting parameters and parameter bounds ac-
cording to the results of the previous step. Con-
tinue to repeat until χ2r no longer improves. By
iterating on parameters and parameter bounds in
this way, we achieve a converged model without al-
lowing the clump models to diverge entirely from
their initially detected identities.
Our chosen surface-brightness profile is the Elson,
Fall, and Freeman (EFF) profile (Elson et al. 1987;
Schweizer 2004; Ryon et al. 2015),
I(r) = ic(1 + r
2/r2c )
−η (1)
used to fit resolved H II regions in local galaxies. We
generalize r to an elliptical radius by
r =
√
qc(x− xc)2 + (y − yc)2/qc (2)
where qc is the axis ratio and xc and yc are the horizon-
tal and vertical clump centroids respectively. The scale
factor rc can be converted to the half-light radius by
r1/2 = rc
√
(1/2)
1
1−η − 1 (3)
We also examined the Se`rsic profile (Sersic 1968; Ciotti
& Bertin 1999) which is ubiquitous in galaxy fitting rou-
tines. However, we report results only for the EFF pro-
file with the exponent fixed at η = 3/2, a typical value
found in the local universe (Ryon et al. 2015).
The raw data, the final EFF model, and the resid-
uals are shown in Figure 1 for each galaxy. Physical
length scales are roughly the same for each image, but
the intensity (color) scale varies slightly between each
galaxy. The mottled appearance of the residuals is a re-
sult of correlated noise inherent in gravitationally lensed
source reconstruction (section 2).
During this procedure, we did not include a compo-
nent for a diffuse background continuum. This compo-
nent is often included in other surveys, but many of these
encompass multiple bands (Guo et al. 2015). Elmegreen
et al. (2009a) found that if a continuum was evident it
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Figure 2. Left: Distribution of the number of clumps found in the 17 galaxies. No strong trend is observed, thus a uniform
distribution is assumed in the subsequent analysis. Right: Mean quadrupole moment for each galaxy. This gives an estimate
of the galaxy axis ratio, which appears centrally peaked. Each plot is overlaid with a black line indicating the best-fit PDF for
the chosen distribution (see section 3.2).
Parameter Description
Qg mean LAE axis ratio/quadrupole moment
Nc number of clumps (per galaxy)
xc horizontal clump centroid
yc vertical clump centroid
dc clump radial distance from centroid
rc clump radius
ic peak clump surface brightness
qc clump axis ratio
PAc clump position angle
Table 1. Description of clump parameters for reference.
was often only at wavelengths redder than our rest frame
UV data. Moreover any diffuse background emission as-
sociated with a lensed LAE will be partly absorbed into
the smooth model of the foreground lens galaxy and ef-
fectively subtracted. Thus it is not surprising that our
data show no evidence of such a continuum.
Clump radii and relative positions are converted to
parsecs using the LAE redshifts from Shu et al. (2016a)
and a fiducial cosmological model with Ωm = 0.274,
ΩΛ = 0.726, and H0 = 70 kms
−1 Mpc−1 (WMAP7, Ko-
matsu et al. 2011).
3.2. Parameter Distribution
Given the models of the 17 LAEs, we now examine the
statistical distribution of clump parameters from Table 1
across the sample. The two parameters, the number of
clumps Nc and the mean surface brightness quadrupole
moment Qg are measured for each LAE. The distribu-
tions for these two parameters are shown in Figure 2.
The 87 clumps across the sample are characterized by
six parameters: the position xc, yc, size rc, peak bright-
ness ic, axis ratio qc, and position angle PAc. For the
purposes of statistical analysis, we combine xc and yc
into a single parameter dc, the radial distance from the
galaxy light-weighted centroid, which characterizes the
radial distribution of clumps within an LAE. The av-
erage ellipticity of the distribution of clumps within an
LAE is captured by the quadrupole parameter Qg. The
distribution of clump position angles shows no prefer-
ence for either radial or tangential alignment with re-
spect to the overall LAE geometry, and as such we as-
sume these position angles to be randomly distributed.
The distributions of the four remaining clump parame-
ters (dc, rc, ic, and qc) are shown in Figure 3.
Before modeling the distributions of these parameters
across the sample, we apply completeness corrections,
surface-brightness corrections, and K-corrections
To estimate incompleteness, we first measure the noise
level in the 17 input images. Though correlated, this
noise is still approximately Gaussian. From this, we
identified the mean 1σ noise level as 0.005 photon
counts/second/pixel, with 40% scatter. We then ran-
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Figure 3. Histograms of the clump parameters. Top left: The scale radius of each clump, rc. Top right: The peak surface
brightness, ic. Bottom left: The distance of the clump center from the light-weighted centroid, dc. Bottom right: The clump
axis ratio, qc. The best fit distributions are overlaid in solid black.
domly select our model clumps from the sample of 87
and compare their central-pixel brightness to the noise
level. This brightness is a function of half-light radius
and peak surface brightness and preferentially selects
against large radius, low peak surface brightness clumps.
Those with central-pixel brightness below the 1σ noise
level are considered undetected. We repeat this process
until each clump is well sampled, at least 10,000 times.
We then weight the radius and surface brightness of each
point by the inverse of its detection rate. In practice,
this effect is small; only three clumps show a need for in-
completeness corrections, all with weights below a factor
of 5. Even if the noise threshold is increased, the com-
pleteness corrections remain small.
For the surface-brightness corrections, we account
for the impact of the variable source redshift by cor-
recting all galaxies to a common reference redshift of
zref = 2.6. This effect is included by multiplying each
per-A˚ngstro¨m surface brightness value by a factor of
(1+zgal)
5/(1+zref )
5. Because we lack sufficient spectral
information to empirically determine K-corrections, we
adopt the corrections in van der Burg et al. (2010) (Fig-
ure 7 top) from a qualitatively similar selection of galax-
ies. To convert these to our sample we note that the i-
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Figure 4. Scatterplots of parameters with their associated correlation coefficients. Correlations are identified between ic and
rc (top left) and between dc and ic (bottom center). To re-create these correlations, we impose a linear cutoff (dashed lines)
above which random draws are rejected in later simulations.
band corrections in the paper between redshifts 3-4 cor-
respond to a central UV wavelength of 1900 A˚–1500 A˚,
which matches the central wavelength of the F606W fil-
ter between redshifts 2.2 < z < 3. The corrections are
approximately linear over this redshift range and can be
approximated by
K = −0.055(z − 2.6) mag (4)
for a correction to zref = 2.6.
Before we select models for the probability density
functions (PDFs) of the clump parameters, we consider
the possibility of correlations between various parame-
ters, as shown in Figure 4 We determine the significance
of these correlations by calculating Pearson’s correlation
coefficient for each of the parameter pairs using 1000
bootstrap samplings from the 87 identified clumps. We
find a significant correlation, greater than 2σ (2.5th and
97.5th percentile), between dc and ic and between rc and
ic. We attempted to model these parameters with joint
distributions, but were unable to adequately re-create
the observed correlation. Instead, we model each clump
parameter as uncorrelated and impose a linear cutoff
above which randomly drawn clumps are rejected (see
dashed lines in Figure 4).
There is no a priori distribution expected for any of
our clump-model parameters, and therefore we explored
a number of standard distributions (Gaussian, Weibull,
Cauchy) to find a mathematical model that is suffi-
ciently but not overly flexible. We adopt a Cauchy dis-
tribution
P (x) =
[
piγ
(
1 +
(x− x0
γ
)2)]−1
(5)
for the galaxy axis-ratio parameter Qg, clump axis-ratio
parameter qc, and the clump radius rc and a Weibull
distribution
P (x) =
k
λ
(x
λ
)k−1
e−(x/λ)
k
(6)
for the distance from light-weighted centroid dc and the
clump surface brightness ic. The Cauchy PDFs are trun-
cated at x=0 and above the maximum value found in
section 3.1
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Quantity Distribution Parameters
(standard reg.)
Parameters
(low reg.)
Parameters
(high reg.)
Qg (galaxy axis
ratio)
Cauchy (eqn. 5)
Qo = 0.58
+.41
−.04 Qo = 0.67
+.31
−.13 Qo = 0.62
+.10
−.03
γQ = 0.14
+.20
−.06 γQ = 0.33
+.24
−.12 γQ = 0.11
+.07
−.05
qc (clump axis
ratio)
Cauchy (eqn. 5)
qo = 0.50
+.03
−.03 qo = 0.42
+.45
−.32 qo = 0.53
+.07
−.06
γq = 0.20
+.05
−.04 γq = 0.44
+.42
−.44 γq = 0.27
+.13
−.08
rc (radius, kpc) Cauchy (eqn. 5)
ro = 0.20
+.03
−.04 ro = 0.18
+.02
−.03 ro = 0.33
+.04
−.04
γr = 0.15
+.04
−.03 γr = 0.11
+.02
−.02 γr = 0.18
+.04
−.03
ic (counts) Weibull (eqn. 6)
λi = 0.13
+.02
−.02 λi = 0.17
+.02
−.02 λi = 0.08
+.01
−.01
ki = 0.87
+.09
−.11 ki = 1.02
+.07
−.06 ki = 0.83
+.11
−.10
dc (distance, kpc) Weibull (eqn. 6)
λd = 1.00
+.10
−.09 λd = 0.94
+.09
−.09 λd = 0.87
+.15
−.13
kd = 1.18
+.12
−.10 kd = 1.22
+.10
−.09 kd = 1.17
+.12
−.22
Table 2. Probability distributions for the clump parameters. Column 3 gives best-fit PDF parameters for the quantities Qg,
rc, ic, dc, and qc given the standard distributions in Figure 3 while columns 4 and 5 show results using reconstructions with
lower and higher regularization parameters.
For each of these PDFs, we determine the best-fit pa-
rameters by maximizing the log-likelihood function
lnL(θ|x) =
nc∑
i=1
lnP (xi,θ) (7)
where P is the PDF model (eqn 5 or 6), the x are the
measured clump parameters and the θ are the PDF pa-
rameters.
Finally, we quantify the effect of the choice of lens-
modeling regularization parameter (see section 2) on our
PDF model results. We repeat the analysis detailed in
sections 3.1 and 3.2 for two alternative sets of lensing-
reconstructed source images: one generated with a regu-
larization parameter decreased by a factor of 10 relative
to the standard value, and the other with a regulariza-
tion parameter increased by a factor of 10. The impact
of this parameter is discussed in the following section.
4. RESULTS
Table 2 summarizes the results, and the model dis-
tributions are shown in black overlaying the histograms
in Figures 2 and 3. Parameter uncertainties are deter-
mined using bootstrap resampling with 1000 iterations
and we report the 16th and 84th percentiles, correspond-
ing to 1σ in the Gaussian limit. PDF parameter esti-
mates for the two alternative regularization scenarios are
also shown.
We find the following results from our analysis:
1. Out of our 87 total clumps, we find 1–9 clumps
per galaxy, with an approximately uniform dis-
tribution in number and 88% of galaxies having
more than one clump (fclumpy = 88%). Lowering
the regularization parameter, which reduces the
smoothing, gave 88 total clumps with 1–8 clumps
per galaxy and fclumpy = 94%. Higher regular-
ization, which increases the smoothness, decreases
the total clump count to 61 with 1–7 clumps per
galaxy, yet finds the same fclumpy = 94%.
2. The characteristic half-light clump radius is 350 pc
with 85% having half-light radii above 160 pc (2
pixels) suggesting that most clumps are fully re-
solved in our images. A lower regularization pa-
rameter has no significant impact on the character-
istic radius, but a higher regularization parameter
increases it to 630 pc.
3. The distances of the clumps from the light-
weighted centroid is relatively small, with a typical
scale length of 1 kpc, and with most clump centers
contained within 2 kpc of the galactic center. This
result is robust against model choice and regular-
ization parameter. This distance is comparable to
the typical galaxy half-light radius, which ranges
from 0.4-1.6 kpc with a median at 0.8 kpc.
4. Clump axis ratios peak around 0.5 and galaxy
axis ratios peak around 0.6. This peak is roughly
constant with regularization, but the width of
the clump distribution broadens for both alter-
native regularization choices, particularly with
low regularization where the distribution becomes
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Figure 5. Simulated z=2.6 galaxies drawn from fitted PDFs and shown with identical intensity (color) scales. These resemble
the observed LAEs shown in Figure 1, confirming that the fitted PDFs describe the source galaxy morphology.
more consistent with a uniform distribution than
a Cauchy.
In calculating these results, we examined the blur-
ring impact of observational noise. We first generate
simulated galaxy images (see Figure 5), with parame-
ters drawn from the fitted distributions, and add typi-
cal Gaussian background noise. We then fit the images
to derive output clump parameters and fit the resulting
distributions. The input and output clump parameters
generally agree to within 1σ and the output model PDF
parameters agree with the inputs to 2σ or better. We
thus conclude that observational noise has a negligible
impact on the parameter estimates.
5. DISCUSSION AND CONCLUSIONS
Although the BELLS GALLERY sample is rela-
tively small compared to LAEs selected from wide-field,
narrow-band surveys, enhanced spatial resolution from
combining gravitational lensing and HST imaging al-
lows more detailed surface-brightness characterization
relative to other samples of LAEs at the same redshifts.
We found 1–9 clumps per galaxy, which is higher
than most direct imaging studies. While Elmegreen &
Elmegreen (2005) found as many as 10 clumps, Guo
et al. (2015) found a strong preference for fewer clumps
and a lower fclumpy of ∼ 55% − 60%. A larger num-
ber of clumps are, in part, expected due to our in-
creased resolution. Indeed, we identify a strong cor-
relation between number of clumps and magnification
(from Shu et al. (2016b), Table 2). In lensed images of
SDSS J1110+6459 at a resolution of 30 pc Johnson et al.
(2017); Rigby et al. (2017) identified over 20 clumps with
radii between 30 and 50 pc. If we restrict the accounting
to clumps contributing more than 8% of the total UV lu-
minosity, as proposed in Guo et al. (2015), we find that
the total number of clumps drops to 65 with a range
of 1–7 clumps per galaxy, although fclumpy remains at
88%.
Our typical clump radius of 350 pc is comparable to
the average clump radius of ∼320 pc found in cluster-
lensing studies (Livermore et al. 2015), but significantly
lower than the 750-900 pc found in direct imaging stud-
ies (Bond et al. 2012). Most LAE clumps are not fully
resolved without a combination of strong lensing and
high-resolution imaging. Even in the BELLS GALLERY
sample, we expect some clumps to be unresolved, espe-
cially considering the 30–50 pc scale clumps identified in
Johnson et al. (2017). Nevertheless, at our typical ef-
fective spatial resolution of 80 pc we appear to resolve a
characteristic peak in the clump radius distribution. We
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conclude that high-redshift LAE clumps are significantly
larger than most local H II regions, having typical radii
similar to the largest giant H II regions detected in the
local universe (Fuentes-Masip et al. 2000; Monreal-Ibero
et al. 2007; Wisnioski et al. 2012).
Our measurements of overall LAE galaxy sizes confirm
that these galaxies are spatially small, at least in the
UV spectral range, with size scales on the order of 0.4-
1.6 kpc. This size scale is consistent with direct imaging
surveys that find LAE half light radii between 1-1.5 kpc
(Bond et al. 2012; Malhotra et al. 2012). The spatial
distribution of the clumps, proportional to P(dc)/dc, is
consistent with an exponential function with a scale ra-
dius of ∼0.3 kpc.
The LAE galaxy ellipticities in our sample are similar,
but slightly smaller than those measured in other stud-
ies. Gronwall et al. (2011) found that ellipticities peak
near 0.55 in redshift z=3.1 LAEs and Ravindranath
et al. (2006) show a similar peak of ∼0.55 for z∼3 Ly-
man break galaxies (LBGs). These studies also found a
skew toward high ellipticities (low axis ratios) which we
did not find here, but our sample is too small to consider
this difference significant.
The details of the BELLS GALLERY selection func-
tion are different from those of other LAE surveys, and
in particular vary between galaxies due to different mag-
nification factors. However, the fact that these lenses are
selected based on Lyα emission suggests that our sample
should encompass a qualitatively similar set of galaxies
to those found in wide-field, ground-based, narrow-band
surveys. In comparison, lensed LAEs selected in galaxy
cluster fields are generally identified based on Hα or Hβ
lines, making it likely that our LAE sample is a closer
analog to field LAE samples.
In addition to providing a quantitative characteriza-
tion of the 2 < z < 3 LAE population, the statistical
model of LAE clumpiness that we present here can be
used to simulate mock LAEs, like those in Figure 5, for
other studies, and to provide prior probabilities on LAE
surface-brightness structure for our forthcoming analy-
sis of dark-matter substructure in the foreground lensing
galaxies.
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